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Abstract: The effects of one-time basal application of different mixtures of slow-release urea (SRU)
and conventional urea (CU) on yield and nitrogen use efficiency (NUE) of rice and wheat were
investigated to determine the appropriate ratios of SRU to CU for one-time basal fertilization in a rice—
wheat rotation farmland under full residue incorporation. A field plot experiment was used in this
study. Six treatments were established as follows: CK (no nitrogen fertilizer applied), TO (100% CU,
50% applied as basal fertilizer and 50% applied as jointing fertilizer), T3 (one-time basal application
of SRU and CU mixture with 30% SRU), T5 (one-time basal application of SRU and CU mixture
with 50% SRU), T7 (one-time basal application of SRU and CU mixture with 70% SRU), and T10
(one-time basal application of 100% SRU). The results showed that the combined application of SRU
and CU increased the yields of rice and wheat. Treatment T7 resulted in the highest rice yield, and T3
resulted in the highest wheat yield, which were 25.6% and 29.4% higher, than those of treatment T0,
respectively. Compared with treatment TO (application of CU alone), the combined application of
SRU and CU resulted in 27.4-96.5% and 22.8-57.1% higher NUE in rice and wheat, respectively.

Keywords: slow-release urea; rice; wheat; yield; nitrogen use efficiency

1. Introduction

China is a leading country in the production and use of chemical fertilizers. The
fertilizer consumption per hectare of crops in China averages 328.5 kg, which is much
higher than the world average (120 kg ha~!) and is 2.6 times that of the United States
and 2.5 times that of European Union [1]. Excessive use of chemical fertilizers, especially
nitrogen fertilizers, not only increases the cost of fertilization but also causes a large
amount of surplus nitrogen to enter the environment through volatilization, leaching,
nitrification, and denitrification, which results in the loss of nitrogen from the soil-crop
system and leads to a series of environmental issues, such as eutrophication, greenhouse
gas emissions, and soil acidification [2-4]. The average nitrogen use efficiency (NUE) in
China is approximately 35%, which is approximately 70% of the global average [5]. The
application of slow-release urea (SRU) is an important means to improve crop NUE, lessen
the frequency and application level of fertilization, lower the cost of fertilization, and
reduce the loss of nitrogen. Geng et al. [6] showed that under the same nitrogen application
level, the application of SRU resulted in 6.1-8.2% higher rice yield and significantly higher
NUE than did the application of conventional urea (CU). Yang et al. [7] found that the
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application of SRU resulted in significantly higher wheat yield and 28.5% higher NUE than
did application of CU. Some recent studies also found that the application of SRU resulted
in the increases in rice and wheat yields and NUE [8,9].

Residue incorporation is also an important way to improve soil fertility, reduce the
level of nitrogen fertilizer application, and improve NUE [10,11]. China is rich in crop
residue resources. The Fertilizer Use Zero-Growth Action Plan by 2020 issued by the
Ministry of Agriculture in 2015 clearly requires that the proportion of nutrients released by
residue incorporation should reach 60% by 2020 [3]. However, the incorporation of a large
amount of crop residues into the soil will inevitably change the status of the soil nitrogen
supply, which may further aggravate the inadequate nitrogen supply in the early stage of
crop growth under one-time basal application of SRU [12,13]. The combined application
of SRU and CU can alleviate early nutrient deficiency caused by residue incorporation
to a certain extent. Through field experiments, Lyu et al. [14] found that the combined
application of SRU and CU could increase the yield of rice. Zheng et al. [15] showed
that the combined application of SRU and CU increased the yield of wheat by 7.9-10.3%
and reduced the labor cost of fertilization. Most past reports on the effects of combined
application of SRU and CU on crop growth and soil fertility have focused on single-season
crops. However, few studies have investigated the effects of one-time basal application of
mixtures of SRU and CU on soil fertility, yield, and NUE in rice-wheat rotation systems.
Therefore, there is an urgent need to determine the appropriate SRU-to-CU ratios for
one-time basal fertilization in rice-wheat rotation systems under full residue incorporation.

To assess whether one-time basal fertilization can improve NUE while ensuring stabil-
ity of grain crop yields in rice-wheat rotation systems, a field plot experiment was used to
investigate the effects of one-time basal application of mixtures of SRU and CU on yield
and NUE of rice and wheat, soil organic matter, and nitrogen nutrients. The objective of this
study was to assess the feasibility of one-time basal fertilization and explore the appropriate
SRU-to-CU ratios for one-time basal fertilization in rice-wheat rotation systems under full
residue incorporation. The results provide a scientific basis for appropriate application of
SRU to ensure food production and protect environments.

2. Materials and Methods
2.1. Experimental Site and Experimental Materials

The field experiments were conducted in Kunshan (31°49’ N, 120°89’ E) of Jiangsu
Province, China from 2020 to 2021. The initial contents of organic matter, total nitrogen
and available nitrogen were 28.4 g kg_l, 071¢g kg_1 and 120.5 mg kg_l, respectively. The
wheat and rice cultivars used in this study were Nanjing 46 and Ningmai 13, respectively.
The conventional nitrogen fertilizer was urea, and the nitrogen content was 46%; the slow-
release nitrogen fertilizer was resin coated slow-release urea with a nitrogen content of 42%
and a release longevity of 90 days; The phosphate and potassium fertilizers in this study
were calcium superphosphate (P,O5 12%) and potassium chloride (KO 60%).

2.2. Experimental Design

Six treatments were set according to the different proportion of slow-release urea and
conventional urea: CK (no nitrogen fertilizer applied), TO (100% CU, 50% applied as basal
fertilizer and 50% applied as jointing fertilizer), T3 (one-time basal application of SRU and
CU mixture with 30% SRU), T5 (one-time basal application of SRU and CU mixture with
50% SRU), T7 (one-time basal application of SRU and CU mixture with 70% SRU), and
T10 (one-time basal application of 100% SRU). Fertilizers were applied at the following
rates: N, 300 kg ha—!, P,Os, 75 kg ha~! and KO, 150 kg ha~! for rice; N, 240 kg ha—1,
P05, 75 kg ha!, and Ky0O, 90 kg ha~! for wheat. Among them, all phosphorus and
potassium fertilizers were applied as basic fertilizer on 16 June 2020 and 14 November 2020,
respectively. The jointing fertilizers of TO treatment in rice and wheat seasons were applied
on 5 July 2020 and 20 February 2021, respectively. Each experimental plot area is 20.0 m?,
repeated 4 times and arranged in a randomized block design, ridges were set to separate
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each plot. During planting, drainage and irrigation were carried out separately. The straw
of the previous crop was returned to the field before planting. Rice was transplanted on
17 June 2020 and harvested on 29 October 2020; Wheat was sown on 16 November 2020
and harvested on 25 May 2021. The transplanting density of rice, the sowing amount of
wheat and the field management measures in the growth period were consistent.

2.3. Soil and Plant Analysis

The top 20 cm soil samples were collected in quadruplicate from each plot at maturity.
After soil samples were air-dried, all samples were crushed and sieved (1 mm and 0.150 mm)
for further physicochemical analysis. Soil organic matter was determined by potassium
dichromate external heating method, total nitrogen and available nitrogen were determined
by semi micro Kjeldahl nitrogen determination method and alkali hydrolyzable diffusion
method, respectively.

Representative 2 m? of mature rice and wheat samples from each plot were selected
and harvested artificially to determine the yield, yield composition, and straw biomass.
For analysis of nitrogen content of grain and straw of rice and wheat, 20-hole rice and
wheat plants from each plot were randomly dug out and then dried to constant weight at
80 °C. The dried rice and wheat plants were divided into two parts: stem (including leaf)
and grain, and then crushed, respectively. The nitrogen content of grain and straw was
determined by H,SO4~H,O, digestion indophenol blue colorimetry.

2.4. Calculation and Statistical Analysis

Nitrogen accumulation (kg ha~!) = grain dry weight x grain nitrogen content + straw
dry weight x nitrogen content of straw [16].

Agronomic N use efficiency (kg kg ') = (grain yield in N application plots-grain yield
in N omission plots)/the amount of applied N fertilizer [16].

The apparent recovery efficiency of N fertilizer (%) = (N accumulation in N application
plots-N accumulation in N omission plots)/the amount of applied N fertilizer x 100 [16].

Partial factor productivity of applied N (kg kg~!) = grain yield in N application
plots/the amount of applied N fertilizer [16].

Annual nitrogen use efficiency (%) = (annual N accumulation in N application plots-
annual N accumulation in N omission plots)/the amount of annual applied N fertilizer x 100.

Data processing and figures drawing were used by Origin 2018. The analysis of
variance (ANOVA) for the data with the model of randomized complete block (RCB) design
was used by SPSS 19.0. The least significant difference (LSD) method at p < 0.05 was used
to analyze the significant differences between the treatments.

3. Results
3.1. Effects of Different Fertilization Treatments on Yield and Yield Components of Rice and Wheat

One-time basal application of mixtures of SRU and CU increased the yields of rice
and wheat (Figure 1). The yields of rice and wheat for treatment TO (100% CU, SRU-to-CU
ratio = 0/10) were 6.21 and 4.77 t ha~!, respectively. The rice yields of treatments T3
(SRU-to-CU ratio = 3/7), T5 (SRU-to-CU ratio = 5/5), T7 (SRU-to-CU ratio = 7/3), and T10
(100% SRU, SRU-to-CU ratio = 10/0) were 6.45, 7.38, 7.80, and 7.68 t ha~!, which were 3.9%,
18.8%, 25.6%, and 23.7% higher than the rice yield of treatment TO0, respectively. Among all
treatments, treatment T7 resulted in the highest rice yield, which was significantly higher
than that of treatment T0. The wheat yields of treatments T3, T5, T7, and T10 were 6.17,
4.88,5.20, and 5.18 t ha~!, which were higher than that of treatment TO by 29.4%, 2.3%,
9.0%, and 8.6%, respectively. Treatment T3 resulted in the highest wheat yield, which was
significantly higher than that of treatment TO.
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Figure 1. Effect of different fertilization treatments on the yield of rice (A) and wheat (B). Columns
with different small case letters show significant difference between different treatments at p < 0.05
by LSD’s multiple range test. Values are mean of four replicates and bars show standard deviation.
CK, no nitrogen fertilizer applied; T0, 100% conventional urea (CU); T3, one-time basal application of
slow-release urea (SRU) and CU mixture with 30% SRU; T5, one-time basal application of SRU and
CU mixture with 50% SRU; T7, one-time basal application of SRU and CU mixture with 70% SRU;
T10, one-time basal application of 100% SRU.

The combined application of SRU and CU increased the number of panicles and the
number of grains per panicle of rice but showed no significant effect on the seed setting rate
or 1000-grain weight of rice (Table 1). The number of panicles per hectare and the number
of grains per panicle in treatment TO were 223.9 and 86.1, respectively. Treatments T3, T5,
T7, and T10 increased the number of panicles per hectare of rice by 8.0%, 32.2%, 51.8%, and
25.1%, and increased the number of grains per panicle by 10.2%, 6.2%, 11.5%, and 10.9%,
respectively. Among these treatments, T7 resulted in the highest number of panicles per
hectare, the highest number of grains per panicle, the highest seed setting rate, and the
highest 1000-grain weight of rice. The combined application of SRU and CU increased
the number of panicles of wheat but had no significant effect on the number of grains per
panicle or 1000-grain weight of wheat. The number of panicles of wheat in treatments
T3, T5, T7, and T10 were higher than that of treatment TO by 23.6%, 5.8%, 7.4%, and 7.5%,
respectively. Treatment T3 resulted in the highest number of panicles, seed setting rate, and
1000-grain weight of wheat.

Table 1. Effect of different fertilization treatments on yield components of rice and wheat.

Crops Treatments Panicle Density Grain Numbe rper Seed Setting Thousand-Grain
(10* ha—1) Panicle Rate (%) Weight (g)
CK 168.8 +22.2d 702+ 11.6b 915+ 37b 216+12b
TO 2239 +47.5cd 86.1 & 7.6 ab 959+2.1a 270+ 1.6a
. T3 241.9 + 63.4 be 949 +21.7a 9%63+12a 265+ 25a
Rice T5 295.9 + 44.8 ab 91.4+103a 958+ 1.7a 270+ 15a
T7 339.8 +20.3a 9.0 +82a 973+1.1a 2724+27a
T10 280.1 = 25.6 abc 955+ 10.6a 971403 a 2744+26a
CK 170.1 + 14.8 ¢ 205+29b 363+2.0b
TO 3109 + 30.3b 39.0+0.8a 39.44+09a
T3 3844+ 128a 395+ 13a 407+ 05a
Wheat T5 329.0 + 29.5 ab 373+19a 396+ 10a
T7 334.0 + 62.9 ab 385+21a 399+ 15a
T10 334.2 + 61.8ab 388+ 13a 398+ 07a

Values are mean + SD (standard deviation) of four replicates. Columns with different small case letters show
significant difference between different treatments at p < 0.05 by LSD’s multiple range test. CK, no nitrogen fertilizer
applied; T0, 100% conventional urea (CU); T3, one-time basal application of slow-release urea (SRU) and CU mixture
with 30% SRU; T5, one-time basal application of SRU and CU mixture with 50% SRU; T7, one-time basal application
of SRU and CU mixture with 70% SRU; T10, one-time basal application of 100% SRU, same below.
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3.2. Effects of Different Fertilization Treatments on Nitrogen Uptake in Grains and Straws of Rice
and Wheat

The nitrogen contents in grains and straws of rice and wheat gradually increased with
increasing SRU-to-CU ratio (Figure 2). The nitrogen contents in rice grains and straws from
treatment TO were 9.03 and 5.42 g kg !, respectively. The nitrogen contents in rice grains
from treatments T3, T5, T7, and T10 were 9.68, 9.57, 10.36, and 10.48 g kg’l, respectively.
The nitrogen contents in rice straws of treatments T3, T5, T7, and T10 were 7.38, 7.83, 8.13,
and 10.11 g kg~ !, which were higher than that of treatment TO by 36.0%, 44.6%, 54.1%, and
86.5%, respectively.
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Figure 2. Effect of different fertilization treatments on nitrogen uptake in grains and straws of
rice (A) and wheat (B). N-nitrogen. Columns with different small case letters show significant
difference between different treatments at p < 0.05 by LSD’s multiple range test. Values are mean
of four replicates and bars show standard deviation. CK, no nitrogen fertilizer applied; T0, 100%
conventional urea (CU); T3, one-time basal application of slow-release urea (SRU) and CU mixture
with 30% SRU; T5, one-time basal application of SRU and CU mixture with 50% SRU; T7, one-time
basal application of SRU and CU mixture with 70% SRU; T10, one-time basal application of 100% SRU.

The nitrogen contents of wheat grains and straws from treatment TO were 16.49 and
2.99 g kg~!, respectively. The nitrogen contents in the grains of treatments T3, T5, T7, and
T10 were higher than that of treatment TO by 9.4%, 15.0%, 12.7%, and 24.0%, respectively.
The nitrogen contents in the straws of treatments T3, T5, T7, and T10 were higher than that
of treatment TO by 36.1%, 23.1%, 32.8%, and 92.6%, respectively. Of these treatments, T10
resulted in the highest nitrogen contents in grains and straws of rice and wheat, which
were significantly higher than those of treatment TO0.

3.3. Effects of Different Fertilization Treatments on Nitrogen Accumulation and NUE in Rice
and Wheat

Table 2 shows the effects of the combined application of SRU and CU on NUE in rice
and wheat in the rice-wheat rotation farmland. The combined application of SRU and CU
increased the accumulation, apparent recovery efficiency, agronomic efficiency, and partial
factor productivity of nitrogen in rice. T7 resulted in significantly higher accumulation,
apparent recovery efficiency, agronomic efficiency, and partial factor productivity of ni-
trogen in rice than those of treatment TO by 42.1%, 69.6%, 84.7%, and 25.6%, respectively.
Treatment T10 resulted in the highest accumulation and apparent recovery efficiency of
nitrogen, which were higher than those of treatment T0 by 58.3% and 96.5%, respectively.

The combined application of SRU and CU increased the accumulation and apparent
recovery efficiency of nitrogen in wheat but had no significant effect on the agronomic
efficiency or partial factor productivity of nitrogen in wheat. Under treatment TO, the
accumulation and apparent recovery efficiency of nitrogen were 87.0 kg ha~! and 28.9%,
respectively. Nitrogen accumulation in wheat in treatments T3, T5, T7, and T10 was
higher than in treatment TO by 45.6%, 18.4%, 27.0%, and 42.0%, respectively. The apparent
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recovery efficiency of nitrogen in wheat in treatments T3, T5, T7, and T10 was higher than
in treatment TO by 57.1%, 22.8%, 33.6%, and 52.6%, respectively.

Table 2. Effects of different fertilization treatments on nitrogen accumulation and NUE in rice
and wheat.

N Accumulation Agronomic N Use The Appa.re.nt Partlal‘Fa.\ctor
Crops Treatments (kg ha 1) Efficiency (kg kg 1) Recovery Efficiency Productivity of
of N Fertilizer (%) Applied N (kg kg—1)
CK 448 £5.0e
T0 1139 +£65d 72+18b 23.0+22d 20.7 +4.0b
. T3 132.7 £ 16.1 cd 114+15a 293+ 54cd 21.5+3.3ab
Rice T5 149.7 £ 139 bc 13.0+34a 35.0 4.6 bc 24.6 £3.4ab
17 1619 £9.2 ab 133+ 09a 39.0+3.1ab 260+23a
T10 180.3 £ 152 a 131+15a 452 +51a 25.6 £2.1ab
CK 178 £4.6¢
T0 87.0+23.6b 145+ 16a 289+3.1Db 199+16a
T3 126.7 =254 a 204+13a 454+33a 257+13a
Wheat T5 103.0 + 134 ab 150+32a 355+24ab 203+32a
17 110.5 + 27.6 ab 163 +58a 38.6 £ 3.4 ab 21.7 £58a
T10 1235+ 23.7 a 162+44a 4414+31ab 216 +t44a

Values are mean =+ SD (standard deviation) of four replicates. Columns with different letters show significant
difference between different treatments at p < 0.05 by LSD’s multiple range test. CK, no nitrogen fertilizer applied;
TO0, 100% conventional urea (CU); T3, one-time basal application of slow-release urea (SRU) and CU mixture with
30% SRU; T5, one-time basal application of SRU and CU mixture with 50% SRU; T7, one-time basal application of
SRU and CU mixture with 70% SRU; T10, one-time basal application of 100% SRU.

The combined application of SRU and CU increased the annual NUE, and the annual
NUE showed a gradual increasing trend as the SRU-to-CU ratio increased (Figure 3). The
annual NUE of the rice-wheat rotation system under treatment T0 was 28.8%, which was
significantly lower than those of treatments T3, T5, T7, and T10 by 25.7%, 22.3%, 27.2%,
and 35.5%, respectively. However, annual NUE was not significantly different among
treatments T3, T5, T7, and T10.
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O 1 1 ! 1
TO T3 S T7 T10
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Figure 3. Effects of different fertilization treatments on annual nitrogen use efficiency. NUE—nitrogen
use efficiency. Columns with different small case letters show significant difference between different
treatments at p < 0.05 by LSD’s multiple range test. Values are mean of four replicates and bars
show standard deviation. CK, no nitrogen fertilizer applied; TO, 100% conventional urea (CU); T3,
one-time basal application of slow-release urea (SRU) and CU mixture with 30% SRU; T5, one-time
basal application of SRU and CU mixture with 50% SRU; T7, one-time basal application of SRU and
CU mixture with 70% SRU; T10, one-time basal application of 100% SRU.
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3.4. Effects of Different Fertilization Treatments on Soil Organic Matter, Total Nitrogen, and
Available Nitrogen

The combined application of SRU and CU promoted the accumulation of soil organic
matter (Figure 4). The soil organic matter content in the rice harvesting season in treatments
T3, T5, T7, and T10 was higher than in treatment TO by 4.2%, 6.3%, 11.2%, and 13.3%,
respectively. The soil organic matter content in the wheat harvesting season in treatments
T3, T5, T7, and T10 was higher than in treatment TO by 4.8%, 13.4%, 10.6%, and 15.8%,
respectively. Of these treatments, treatment T10 resulted in the highest soil organic matter
content, which was significantly higher than that in treatment TO.
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-~ 2 4 a
= ab
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=
£ c
[#]
g 16 L ¢
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Figure 4. Effect of different fertilization treatments on soil organic matter content. Columns with
different small case letters show significant difference between different treatments at p < 0.05 by
LSD’s multiple range test. Values are mean of four replicates and bars show standard deviation. CK,
no nitrogen fertilizer applied; TO, 100% conventional urea (CU); T3, one-time basal application of
slow-release urea (SRU) and CU mixture with 30% SRU; T5, one-time basal application of SRU and
CU mixture with 50% SRU; T7, one-time basal application of SRU and CU mixture with 70% SRU;
T10, one-time basal application of 100% SRU.

Treatment TO increased the total and available nitrogen content in soil of rice-wheat
rotation farmland, but treatments T3, T5, T7, and T10 did not significantly affect total
and available nitrogen content (Figure 5). The contents of soil total nitrogen and available
nitrogen in the rice harvesting season in treatments T0, T3, T5, T7, and T10 were higher than
in the control without nitrogen application (CK) by 37.1-53.6% and 64.5-86.4%, respectively.
The contents of soil total nitrogen and available nitrogen in the wheat harvesting season
in treatments TO0, T3, T5, T7, and T10 were higher than in the control without nitrogen
application (CK) by 36.7-52.3% and 64.5-77.5%, respectively. However, the contents of soil
total nitrogen and available nitrogen were not significantly different among treatments T0,
T3, T5, T7, and T10 in either rice harvesting season or wheat harvesting season. Treatment
T10 resulted in the highest contents of soil total nitrogen and available nitrogen in the rice
harvesting season, and treatment T3 resulted in the highest contents of soil total nitrogen
and available nitrogen in the wheat harvesting season.
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Figure 5. Effect of different fertilization treatments on the content of total nitrogen (A) and available
nitrogen (B) in soil. Columns with different small case letters show significant difference between
different treatments at p < 0.05 by LSD’s multiple range test. Values are mean of four replicates
and bars show standard deviation. CK, no nitrogen fertilizer applied; T0, 100% conventional urea
(CU); T3, one-time basal application of slow-release urea (SRU) and CU mixture with 30% SRU; T5,
one-time basal application of SRU and CU mixture with 50% SRU; T7, one-time basal application of
SRU and CU mixture with 70% SRU; T10, one-time basal application of 100% SRU.

4. Discussion

Under full residue incorporation in the rice-wheat rotation system, the combined
application of SRU and CU is beneficial in increasing yields of rice and wheat. SRU prolongs
fertilizer efficiency by reducing the nutrient release rate, provides nutrients to crops for a
long period of time, promotes crop growth and development, and increases plant height,
stem diameter, leaf area index, and dry matter accumulation, thereby providing a good
basis for crop yield [12,17,18]. Lyu et al. [19] showed that the combined application of
SRU and CU could increase the yield of rice, and 60% of SRU in the mixture was the best
and worthy of promotion. In our study, the mixture with 70% SRU resulted in the highest
yield of rice, which is consistent with the results of Wang et al. [20], who showed that the
application of a mixture of SRU and CU with 70% SRU could increase rice yield by 26.6%.
The results of Zhang et al. [21] on wheat crops showed that the comprehensive effect of
mixtures of SRU and CU with 20-40% SRU resulted in the highest winter wheat yield
and NUE, which is generally consistent with our finding that the mixture of SRU and CU
with 30% SRU resulted in the highest wheat yield. Fan et al. [22] have also confirmed that
the combined application of SRU and CU can increase the yield of wheat, with 75% SRU
resulting in the highest yield in their study. In our study, under full residue incorporation,
crop residue decomposition likely competed with wheat growth for nitrogen in the early
growth stage [23]. Therefore, the ratio of CU to SRU must be increased to meet the demand
for nitrogen by crop residue decomposition and wheat growth in the early growth stage. In
this study, the optimal ratio of SRU to CU in the rice season was higher than that in the
wheat season, perhaps because sufficient availability of water and heat in the rice season
are conducive to the release and transport of SRU nutrients and the decomposition of the
residue of the previous crop, allowing higher ratios of SRU to CU [24,25]. However, the low
temperature and low rainfall in the wheat season are not conducive to the release of SRU
and the decomposition of crop residue, so higher ratios of CU to SRU is generally required
to meet the demand for nitrogen by crop residue decomposition and wheat growth in the
early growth stage [26-28].

The combined application of SRU and CU increases the uptake and utilization of
nitrogen by rice and wheat plants. The combined application of SRU and CU results
in significantly higher NUE of rice and wheat. The application of SRU synchronizes
nutrient release and supply with crop nutrient uptake, maintains a dynamic balance
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between nutrient supply intensity and crop physiological demand, and reduces the risk
of loss of surplus nitrogen from the soil, thereby improving the uptake and utilization of
nitrogen by crops [29-31]. Fu et al. [32] showed that the application of slow-release nitrogen
fertilizers could increase the NUE of early rice and late rice by 13.6-86.4% and 100-161.4%,
respectively. Haerlein et al. [33] showed that the application of SRU increased the NUE of
spring wheat by 4.2% within the entire SRU application range of 25-100 kg ha~!. One-time
basal application of mixtures of SRU and CU reduces the risk of leaching loss caused by
the excessively rapid release of nutrients from urea and simultaneously solves the problem
that the slow-release rate of nutrients from SRU cannot meet the nitrogen demand of crops
in the early growth stage and the potential problem of nitrogen supply shortage in the late
growth stage [34,35].

Under full residue incorporation, the combined application of SRU and CU resulted
in higher soil organic matter contents than that of treatment TO by 4.2-15.8%, perhaps
because the application of SRU increased the accumulation of carbon sources in the soil
by increasing aboveground biomass due to improved uptake and utilization of nutrients
by crops, enhancing microbial activity and promoting the growth of crop roots [36]. In
our study, the combined application of SRU and CU increased the total nitrogen and
available nitrogen contents in the soil. Past research has found that slow-release nitrogen
fertilizers can significantly reduce the loss of nitrogen through ammonia volatilization and
the proportion of ammonia volatilization is negatively correlated with the proportion of
SRU in the combined application [37,38]. Guo et al. [39] found that the mixed application
of slow-release nitrogen fertilizer and urea could effectively reduce the loss of nitrogen
through ammonia volatilization and nitrogen leaching and retain the available nitrogen
in the topsoil for a prolonged period. In addition, the application of SRU increases soil
enzyme activity [40], which, in turn, enhances organic matter decomposition and biological
nitrogen fixation and ultimately improves soil fertility [41].

5. Conclusions

This study has confirmed that higher yields of rice and wheat can be achieved through
one-time basal application of SRU and CU under full residue incorporation in the rice—
wheat rotation farmland. Yields of rice and wheat in all treatments with different SRU-to-
CU ratios were higher than that in conventional 100% CU treatments, and the maximum
increments were found in the treatments with 70% SRU in rice season and 30% SRU in
wheat season, respectively. The combined application of SRU and CU increased the uptake
and utilization of nitrogen in rice and wheat, and the NUE of rice and wheat was highest
in the treatments with 100% SRU and 30% SRU, respectively. In addition, One-time basal
application of SRU and CU increased the contents of soil organic matter, total nitrogen and
available nitrogen in the rice—wheat rotation farmland, thereby improved soil fertility.
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